Thol F, Kade S, Schlarmann C, Loffeld P, Morgan M, Krauter J et al. Drug resistance to the proteasome inhibitor, bortezomib/VELCADE (Bz) is a significant clinical problem in the treatment of multiple myeloma (MM), an invariably fatal plasma cell malignancy of the bone marrow. 1 Despite initial success and wide use in cocktail regimens for MM treatment, 2 the majority of patients treated with Bz eventually relapse, many having developed 'acquired' Bz-resistant (BzR) disease. 1 Thus, the elucidation of mechanisms by which Bz resistance may occur and the identification of novel intervention strategies are important translational aims.
To identify mechanisms of acquired Bz resistance, we previously utilized in vitro cell lines from the Bcl-X L /Myc mouse model of plasma cell malignancy to systematically ascertain differences between Bz-sensitive (BzS) and derived BzR cells. 3 We have employed this model system because malignant plasma cell lines isolated from these mice closely resemble human MM based on gene expression, chromosomal abnormalities and progression of disease in the bone marrow. [3] [4] [5] Perhaps most importantly, from initially drug-sensitive tumor cell populations we are able to select for drug-resistant cells in vitro, adoptively transfer these cells back into syngeneic recipient mice, and recapitulate the drug-sensitive or -resistant phenotype following in vivo Bz treatment of recipient mice. 3 Remarkably, the differences in Bz sensitivity in our mouse cell lines strongly correlated with differences in malignant plasma cell migration following adoptive transfer. BzR cells displayed a significantly reduced affinity for the bone marrow compartment, compared with their sensitive counterparts, and instead infiltrated extramedullary tissues more readily, 3 suggesting the possibility that BzR plasma cells (PCs) are more likely to reside outside of the bone marrow milieu. Thus, we hypothesized that Bz treatment and acquisition of resistance selects for cells that can survive independent of the bone marrow microenvironment and that this phenotype may be due to the loss of cell-surface proteins that mediate the MM-bone marrow stromal cell (BMSC) interaction.
We recently identified a 23-gene signature that distinguishes between BzS and BzR mouse cell lines in vitro and significantly predicts differences in patient outcomes in a human MM clinical trial that included Bz. 3 We explored the gene expression profiling (GEP) data sets associated with these studies further, and of the 23 genes in this model, 5 genes including chemokine (C-X-C motif) receptor 4 (CXCR4), regulator of G-protein signaling 16 (RGS16), lectin, gaglactoside-binding, soluble, 1 (LGALS1), CD93 and cystathionine-beta-synthase (CBS) have been associated with the trafficking of cells within the immune system (Ingenuity Pathway Analysis). However, of these genes, CXCR4 has been most directly associated with PC migration in both humans and mice. 6 We observed a loss in Cxcr4 mRNA expression in all four cases of BzR compared with BzS mouse cell lines.
3 CXCR4 is known to be highly expressed on the surface of human plasma cells and contributes to bone marrow homing during normal plasma cell maturation through interaction with its ligand SDF-1a that is secreted by bone marrow stromal cells, 6 making this gene an attractive candidate for our hypothesis.
Therefore, we began by validating the protein expression of CXCR4 by flow cytometry in BzS and their derived BzR counterpart mouse cell lines we had isolated as previously described. Letters to the Editor The 2.5-fold average reduction in Cxcr4 mRNA expression that we observed by gene expression microarray 3 was further reflected as a 1.5-(cell line 589) to 2 (cell line 595)-fold reduction in total (intracellular and surface) CXCR4 protein in the mouse BzR cell lines in vitro (Figure 1a) , suggesting that this could be a functional change in the transcriptional regulation of Cxcr4 or that Bz selects for those cells that express lower levels of CXCR4. However, given that the original mRNA expression data were collected in the absence of cell death over a short-time period 3 suggests the possibility that Bz contributes to the reduction of Cxcr4 mRNA expression.
The reduction in CXCR4 expression in BzR cells combined with the in vivo data showing that BzR cells promote aggressive, extramedullary disease resulting in poorer survival 3 suggests that CXCR4 could serve as a biomarker for patient survival. We next sought to determine whether reduced CXCR4 expression was associated with poorer survival in MM patients treated with Bz. The APEX drug trial provides initial GEP data from MM patients treated with either single-agent Bz or high-dose dexamethasone. 7 We divided the data set into those patients with high versus low CXCR4 expression and assessed overall survival (OS) trends in both groups. As a single biomarker, low CXCR4 expression significantly distinguished those MM patients with poorer OS (P ¼ 0.039) in the Bz-treated arm of the clinical trial (Figure 1b) , but not the dexamethasone arm (data not shown), suggesting that this could be a novel biomarker associated with poor response to Bz. Because the majority of MM patients are placed on a therapeutic cocktail of drugs that often includes Bz, we next queried the MM total therapy 3 (MMTT3) drug trial that reported GEP data for MM patients treated with VTD-PACE (Bz, thalidomide, dexamethasone, cisplatin, doxorubicin, cyclophosphamide, etoposide) in conjunction with tandem transplantation. 8, 9 As with the APEX drug trial, low CXCR4 expression significantly distinguished those MM patients with poorer event-free (P ¼ 0.013; left panel) and OS (P ¼ 0.010; right panel) survival (Figure 1c) . Therefore, reduced CXCR4 expression predicts poorer survival in patients treated with Bz.
Using the Bcl-X L /Myc model system of plasma cell malignancy, we identified CXCR4 as a single biomarker whose reduced expression is associated with poorer outcomes in MM patients being treated with Bz. CXCR4 expression is known to have a role in PC homing to the bone marrow. 10 When injected back into syngeneic mice, BzR cells, which have reduced CXCR4 expression, display reduced BM homing compared with their BzS counterparts, resulting in a much more severe disease phenotype. 3 This finding suggests that reduced CXCR4 expression correlates with increased disease severity and agrees with our analysis of both a single-agent Bz clinical trial (APEX 7 ) and a clinical trial utilizing Bz in cocktail with additional agents ( MMTT3 8 ), both of which show that low CXCR4 expression is significantly associated with worse outcome compared to patients with high CXCR4 expression.
The biological role of CXCR4 is of particular interest given that studies have shown that the disruption of the interaction between BMSCs and MM cells (for example, by virtue of chemical inhibition of the CXCR4/SDF-1a axis) may increase sensitivity to Bz by mobilizing MM cells from the bone marrow microenvironment. 11 While the full mechanism of reduced CXCR4 expression in BzR cells awaits further investigation, we have evidence to suggest that Bz treatment promotes the reduction of CXCR4 mRNA, which we have previously reported. 3 In turn, over time following continuous Bz treatment, reduced Cxcr4 expression may decrease the reliance of the MM cells on the bone marrow microenvironment and thus eventually promote extramedullary disease. Indeed, BzR disease presenting in patients as extramedullary masses has been reported. 12 A circulating malignant clonal PC population has already been described by others as highly drug resistant and likely to contribute to disease relapse. 13 Whether this population contributes to the proposed 8 P values represent significant differences by one-way analysis of variance (Po0.05 was considered significant). The number of cases analyzed is indicated.
tumor-initiating and drug resistant MM 'side population', 14 which also expresses lower CXCR4 transcript than the bulk tumor population (FZ, unpublished data), will require additional studies.
In summary, these results support the use of CXCR4 as a valuable diagnostic biomarker that predicts clinical outcome in MM patients treated with Bz. The positive impact of cell-surface markers that may predict Bz response as a diagnostic tool in patient care could mean the early detection of BzR disease and improved OS through individualized medical treatment and new therapeutic targets (Supplementary Information).
